SUMMARY 26
The intestinal epithelium is maintained by a small number of self-renewing stem cells in 27 homeostasis. In addition committed progenitors can contribute to the functional stem cell 28 compartment at a low level during homeostasis and substantially during regeneration 29 following tissue damage. However the mechanism of, and requirement for, progenitor 30 plasticity in mediating pathological response has not been demonstrated. Here we show that 31 multisite phosphorylation of the transcription factor Atoh1 is required both for the 32 contribution of secretory progenitors to the intestinal stem cell pool and for a robust 33 regenerative response following damage. In lineage tracing experiments Atoh1 + cells 34 (Atoh1 (WT)CreERT2 mice) show stem cell activity by giving rise to multilineage intestinal 35 clones both in the steady state and after tissue damage. Notably in the colonic epithelium a 36 single generation of Atoh1 + progenitors sustains 1 in 15 stem cells. In an activating 37 Atoh1 (9S/T-A)CreERT2 line, the loss of phosphorylation sites on the Atoh1 protein promotes 38 secretory differentiation and inhibits the contribution of these cells to self-renewal. Finally, 39
in a chemical colitis model the Atoh1 + cells of Atoh1 (9S/T-A)CreERT2 mice have reduced 40 clonogenic capacity that impacts overall regenerative response of the epithelium. Thus 41 progenitor plasticity plays an integral part in maintaining robust self-renewal in the 42 intestinal epithelium and the balance between stem and progenitor fate behaviour is directly 43 co-ordinated by Atoh1 multi-site phosphorylation. 1A-D, Figures S1B-S1G). Mature Paneth and goblet cells were positive for reporter, while 83 enteroendocrine cells (EEC) were not. However, by 4 days post-tamoxifen EEC cells were 84 also labelled ( Figure 1E ). Individual Paneth cells remain labelled for many weeks reflecting 85 their longevity ( Figure S1H ). Similar results were found in the colon and long-lived 86 secretory cells were also identified ( Figure S1I ). By 30 days post-induction cohesive 87 patches of reporter positive cells that occupied all or a significant portion of entire crypts 88 were present ( Figures 1F and 1G ), and continued to be observed after several months 89 ( Figure S1J ). Immunostaining established the presence of goblet, Paneth, enteroendocrine, 90 and absorptive cells within reporter positive epithelium confirming their multilineage 91 composition ( Figures 1H-1K ). These patterns are identical to those arising from individual 92 marked intestinal stem cells (Vermeulen et al., 2013) and demonstrate a clonal origin from 93 Atoh1 + precursors. Atoh1 (WT)CreERT2 ; Rosa26 TdTom mice were then crossed onto Lgr5 Gfp 94 reporter mice to investigate co-expression of Atoh1 and the intestinal stem cell marker 95
Lgr5. The expression of Atoh1 and tdTom reporter was identified in between 2-4% of Lgr5 + 96 (GFP + ) cells (Figures S1K-S1O), representing a likely intermediate state in the commitment 97 process and candidate clonogenic population. Together these results confirm that Atoh1 is 98 appropriately expressed in mature Paneth/goblet cell but not enteroendocrine cells and that 99 5 a proportion of Atoh1 + progenitors are acting as long-term multipotential stem cells 100 The extent of reversibility of Atoh1 + cell commitment was studied in the context of 104 irradiation-induced tissue damage. Irradiation given 1 day after tamoxifen generated an 105 increased number of tdTom + crypts at 30 days in SI compared to unirradiated controls (16-106 fold increase, 2.37% vs. 0.15%). This effect was abrogated when irradiation was given 5 107 days after tamoxifen ( Figures 1L-1N ), suggesting that regenerative potential is a property 108 of progenitors arising de novo from the stem cell compartment and not of more mature 109 secretory cells. Similarly, after targeted deletion of the bulk of Lgr5 + stem cells using a 110 diphtheria toxin approach there was a 30-fold increase in the number of clones observed 111 (Figures S1P and S1Q). Adapting the assay to perform a similar analysis for the colonic 112 epithelium and to circumvent that tissue's known radio-resistance (Cai et al., 1997) mice 113 were treated with the colon specific carcinogen azoxymethane (AOM) 1 day after 114 tamoxifen treatment. Again, an increase in the frequency of tdTom + crypts was observed 115 (Figures 1O-1Q). Following dextran sodium sulphate (DSS)-induced colitis, multicrypt 116 tdTom + patches were detected at the margins of regions of damage (Figures 1R-1T; Figures 117 S1R and S1S). Together these results suggest that Atoh1 + cells directly contribute to 118 regeneration following damage. 119 120
Creating a pro-secretory phosphomutant Atoh1 121
Previous studies have indicated that multi-site phosphorylation of bHLH proteins 122 restrains cell cycle exit and limits differentiation, while conversely un(der)phosphorylation 123 promotes these processes in the developing nervous system and pancreas (Ali et al., 2011, 124 6 2014; Azzarelli et al., 2017), although a role for multi-site phosphoregulation of bHLH 125 proteins in adult homeostasis or tissue repair has not been reported. Hence, we hypothesised 126 a potential role for Atoh1 phosphorylation in controlling transition between stem and 127 progenitor compartments both in homeostasis and under conditions of heightened 128 proliferation following tissue damage. Cyclin-dependent kinases phosphorylate on serine-129 proline (SP) or threonine-proline (TP) residues. Atoh1 has 9 S/T-P sites available for 130 phosphorylation (Figures 2A-2C ). The phosphorylation of two SP sites has previously been 131 shown to destabilise the Atoh1 protein in the context of neuronal precursors (Forget et al., 132 2014). Atoh1 can be phosphorylated on many sites; we saw at least 5 distinct phospho-133 forms of Atoh1 after phosphorylation by different Cyclin/Cdk combinations ( Figure 2B ). 134
We expressed forms of Atoh1 where S/T-P sites were mutated to alanine-proline (AP), in 
9S/T-A phosphomutant Atoh1 promotes secretory maturation in vivo 146
To investigate how preventing phosphorylation of Atoh1 affects progenitor-147 mediated self-renewal in homeostasis and repair, we substituted 9S/T-A Atoh1 for the wild-148 type form in its endogenous locus, generating a knock-in mouse identical in design to 149 7 Atoh1 (WT)CreERT2 but with the hyperactive phosphomutant Atoh1 ( To investigate if the 9S/T-A mutations impacted on secretory maturation after 157 lineage specification, transcriptional profiling of secretory cells in the two lines was 158 performed. First the expression profile of Atoh1 + cells from Atoh1 (WT)CreERT2 mice was 159 determined by comparing tdTom + (secretory) and tdTom -(absorptive) cells to define the 160 baseline pro-secretory signature for both colon and small intestine (Table S1 ). Next the 161 transcription profiles of tdTom + cells from wildtype and mutant mice (Table S2) 
Epithelial proliferation and clonogenicity are inhibited in Atoh1 9S/T-A mice 175
Our GSEA analyses indicate that preventing multi-site phosphorylation of Atoh1 176 enhances pro-secretory gene expression. We next investigated whether this was 177 accompanied by changes in proliferation. Comparing proliferation between the two lines 178 demonstrated a slight overall decrease in the total proliferative index of the crypts of 179 Atoh1 (9S/T-A)CreERT2 mice in both SI and colon but that did not reach significance in the latter. 180
More detailed spatial analysis within the crypt epithelium demonstrated that this effect was 181 largely accounted for by a decrease in the proportion of cells in S-phase in the epithelium 182 of 9S/T-A mutants in cell positions above the very base of the crypt and a reduction in the 183 frequency of proliferative goblet cells (Figures 3F-3H; Figure S2G ). This supports the 184 interpretation that the phosphorylation of Atoh1 in cells immediately arising from the stem 185 cell population limits Atoh1-dependent cell cycle exit to allow maintenance of proliferation 186 in progenitors, while preventing this phosphorylation limits the ability to return to a 187 proliferative stem/progenitor compartment. We next tested this hypothesis using a lineage 188 tracing approach. It is now accepted that cells with the capacity for self-renewal arise from a larger 233 population whose members all have the same potential for self-renewal subject to an ongoing development-like hierarchical process, where crypts are maintained by stem 247 cells feeding a proliferating progenitor compartment that gives rise to a variety of mature 248 cell types. What is now also emerging is a picture of significant plasticity, where cells 249 expressing Atoh1, previously thought to represent a population that have undergone 250 secretory commitment, can nevertheless revert to "stemness" and repopulate the entire 251 crypt with surprisingly high frequency. Mechanisms controlling this plasticity have been 252 unclear. We see that the balance between stem and progenitor fate behaviour in the intestine 253 can be controlled by Atoh1 multi-site phosphorylation under normal homeostatic 254 conditions. 255
Control of proliferation and differentiation by modulation of bHLH protein 256 phosphorylation is emerging as an important mechanism in development of the nervous 257 system and the pancreas (Cleaver, 2017; Guillemot and Hassan, 2017). We now see that For this a loxP site was introduced into 5'UTR of Atoh1 via PCR amplification. A 533 neomycin cassette was inserted such that the 3'UTR was not disrupted. The CreER T2 -534 hCD2-3'UTR was generated via gene synthesis service (Integrated DNA Technologies). 535
The Atoh1 sequence (Atoh1 (WT) or Atoh1 (9S/T-A) ) was merged with this construct, and then 536 Tandem Repeat (STR) genotyping. Tests were performed routinely to confirm 566 mycoplasma-negative status of the cells. Atoh1 construct in a pcDNA 5/FRT/TO vector 567 (Thermo Fisher) was co-transfected with pOG44 (Flp recombinase-expressing plasmid) in 568 a 1:9 ratio (JetPrime, Polyplus transfection). Cells were washed 24 h after transfection, and 569 fresh medium was added. Two days after transfection, the cells were split at a low 570 confluence (less than 25%), and hygromycin (400 μg/mL) was added to the trypsinised 571 cells. Fresh medium was added to the cells every 3-4 days, until the non-transfected cells 572 died off, and foci of surviving cells could be visualised. the UK Home Office. Mice used in this study were 8-16 weeks old males and females of 595 C57BL/6 background. Induction of CreER T2 in animals was carried out using the free base 596 tamoxifen (Sigma) dissolved in ethanol/oil (1:9). The animals received 3 mg tamoxifen via 597 an intra-peritoneal injection. To define Atoh1 secretory signature, the mice were injected 598 with 1 mg tamoxifen per day on 3 consecutive days for a maximum labelling of all secretory 599 lineages. 600 601
